[1] The University of Michigan's Global Ionosphere Thermosphere Model (GITM) is used to study the temporal and spatial variability of high-latitude vertical winds during the December solstice. Underlying mechanisms controlling the high-latitude distribution and the magnitude of vertical winds in the thermosphere are investigated in a suite of systematic model simulations. First, in a series of six model simulations GITM longitude Â latitude resolution is gradually increased from 5°Â 5°to 2.5°Â 0.3125°, imposing constant moderate solar and low magnetospheric activity in all simulations. Analysis of the high-latitude mean parameters shows that polar distributions of vertical winds and Joule heating demonstrate localized enhancements at high spatial resolution that are not well captured at coarse grid resolution. Second, in simulations with fixed spatial resolution of 2.5°Â 2.5°, the impact of temporally variable magnetospheric conditions on the morphology of the high-latitude vertical winds has been investigated. For this, hemispheric power and the cross polar cap potential values are modified in a series of systematic simulations. The magnitude and temporal variations of ion flows significantly impact the high-latitude Joule heating, which in turn dramatically effects the vertical wind structure. It is demonstrated that variability in the vertical winds are driven by variability in the ion flows and that sudden step-like changes in ion flows can cause the largest enhancements in the vertical winds, in particular, via nonhydrostatic effects. The vertical wind variability is seen to be the largest in the summer Southern Hemisphere with much larger vertical wind magnitudes.
Introduction
[2] The thermosphere-ionosphere (TI) system, extending from $100 km upwards to approximately 1000 km, demonstrates a significant degree of vertical coupling, upward from the lower atmosphere and downward from the magnetosphere. Increasing number of observations suggest that large vertical winds are continuously present in the thermosphere [Spencer et al., 1976 [Spencer et al., , 1982 Rees et al., 1984; Wardill and Jacka, 1986; Crickmore et al., 1991; Price et al., 1995; Innis et al., 1999; Ishii et al., 2001] . Large upwelling events are found to be well correlated with the occurrence of geomagnetic storms and lead to dramatic temperature variations within a few minutes [Price et al., 1995] . Global observations conducted with the Wind and Temperature Spectrometer on the Dynamics Explorer-2 satellite highlight large local time variations of vertical winds, indicating enhanced vertical wind variability in/near the polar cap [Innis and Conde, 2001] . Innis and Conde [2002] have also studied gravity wave generation using satellite observations of vertical winds in the thermosphere. Underlying dynamical and thermal mechanisms for vertical wind generation are discussed to some extent in the works by Smith [1998] and Smith [2000] . Some researchers attributed measured vertical winds at midlatitudes to horizontal wind divergences [Biondi, 1984] and the passage of atmospheric gravity waves [Hernandez, 1982; Sakanoi and Fukunishi, 1999] . Enhanced vertical winds can generate a net transport of chemical constituents across levels of constant pressure, which may create additional variability of atmospheric composition. Compositional changes induced by vertical winds can then be transported horizontally by prevailing winds [Rishbeth, 1998] , having global-scale effects. Historically, based on the assumption of hydrostatic equilibrium, most general circulation models (GCMs) that are extending into the upper atmosphere [e.g., Roble et al., 1988; Richmond et al., 1992] produce vertical winds that are relatively small with respect to the horizontal winds and thus observed mean vertical winds are typically not well captured by models based on hydrostatic equilibrium [Conde and Dyson, 1995] .
[3] Temporal and spatial variability of thermospheric vertical winds is thought to be a complex function of several neutral and electrodynamic processes that take place at various scale sizes in terms of space and time. To study vertical winds in a highly energetic upper atmosphere environment, several dynamical and thermal processes should thus be considered. Momentum deposition associated with ion-neutral coupling, i.e., ion drag [Killeen and Roble, 1984; Killeen et al., 1991] significantly shape the general circulation. The resulting frictional heating is an important source of energy for the high-latitude thermosphere-ionosphere [Wilson et al., 2006; Yiğit and Ridley, 2011] , constituting a significant portion of the electromagnetic energy deposited into the ionosphere [Thayer et al., 1995; Thayer and Semester, 2004] . The orientation and the magnitude of the interplanetary magnetic field (IMF) has a great impact on the morphology of the high-latitude Joule heating [McHarg et al., 2005] and the ionospheric convection patterns at high-latitudes [Heelis, 1984; Knipp et al., 1991; Ridley et al., 1998 ]. The thermosphere-ionosphere system is also controlled from below. Recent studies indicate the dynamical and thermal importance of small-scale gravity waves of lower atmosphere origin ] based on the extended nonlinear gravity wave parameterization by Yiğit et al. [2008] . Complex interplay of lower atmospheric and magnetospheric effects make the upper atmosphere a challenging region to study and it is therefore crucial to use GCMs to conduct sensitivity and diagnostic studies to advance our understanding of coupling processes.
[4] Figure 1 shows vertical wind and temperature measurements from a Fabry-Perot Interferometer at an auroral zone station during winter time. The main features to note in Figure 1 are that there are time periods in which the vertical wind is quite large (20 m s À1 ) for over an hour and that there is significant temporal variability in the vertical wind, with significant bi-polar signatures, indicative of wave-like structure. While this paper does not seek to explain the exact features observed during this time period, it does attempt to explain a possible reason for the existence of the large vertical wind variability.
[5] In this research paper, we analyze qualitatively the temporal and spatial variability of neutral vertical winds in the high-latitude thermosphere associated with (1) increasing model spatial resolution and (2) variable ion flows. To identify possible mechanisms that control the overall morphology of the high-latitude vertical winds, we primarily focus on the analysis of the heat sources associated with particle precipitation and Joule dissipation of magnetospheric origin at low geomagnetic activity at varying spatial resolution and at geomagnetically disturbed conditions at a fixed resolution. The overarching science goal is thus to advance the current understanding of spatial and temporal structures of vertical winds and dynamical mechanisms that contribute to their variability.
[6] Section 2 introduces the Global Ionosphere Thermosphere Model, section 3 describes the model setup and the associated configurations of runs to study the science questions. Model results are presented and discussed in sections 4-5. Summary and conclusions are given in section 6.
Model Description
[7] The University of Michigan Global IonosphereThermosphere Model (GITM) is a 3-D first principle nonhydrostatic general circulation model (GCM) and is fully described in the work by Ridley et al. [2006] . GITM extends from $100 km to $650 km, depending on the solar activity. Model vertical variations are represented in the altitude coordinate system, instead of the pressure coordinate system traditionally used in thermosphere models [e.g., FullerRowell and Rees, 1980; Dickinson et al., 1981; Richmond et al., 1992] . The vertical momentum equation is explicitly solved, thus allowing the model to account for nonhydrostatic vertical motions that are associated with vertical acceleration. Deng et al. [2008] have studied the nonhydrostatic motion in GITM and have found that it plays an important role during intensive high-latitude Joule heating events. For this, the hydrostatic assumption
is replaced by the vertical momentum equation
In the above equations, r is the radial distance from the center of the Earth, p is pressure, t is time, g is gravitational acceleration,
∂t + u n ⋅ r is the material derivative with the three-dimensional neutral flow u n = (u n , v n , w n ), and r is neutral mass density. The vertical acceleration terms, a i , are as the following: a cor includes acceleration due to centrifugal forces and Coriolis effects, a in represents vertical ion drag, a nn is neutral-neutral coupling, and a sph accounts for the spherical geometry. Equation (2) will be further investigated in section 5.4. Accordingly, ion motion will be defined by u i = (u i , v i , w i ) and the ion and neutral horizontal flow by u i H = (u i , v i ) and u n H = (u n , v n ), respectively.
[8] The model resolution is flexible and the time step can typically vary between 2 s and 4 s. This is one of the unique features of GITM, as most GCMs extending into the upper atmosphere have time steps of 30-60 s [e.g., Fuller-Rowell and Rees, 1980; ]. The HAMMONIA model uses a time step of 10 min [Schmidt et al., 2006] that can simulate variations on long timescales.
[9] A nonuniform grid can be used in altitude and/or latitude, which is helpful, for example, for studying highlatitude dynamics under highly disturbed geomagnetic and solar conditions. In our simulations, we use a uniform horizontal grid and 50 altitude levels in roughly 1/3 scale height separations.
[10] Lower boundary conditions are specified in two altitude "ghost cells" below the first physical altitude level (100 km), approximately corresponding to 96 km and 98 km. In the thermosphere, these cells are specified using MSISE-90 [Hedin, 1991] . For the high-latitude dynamics, a number of different models can be used. In this study, the high-latitude electric field patterns are obtained from the Weimer [1996] model and the particle precipitation is after the work by Fuller-Rowell and Evans [1987] .
[ 
Model Setup and Configuration of Runs
[12] Extensive flexibility in model spatial grid enables GITM to be run at any spatial resolution. Also, a very fine time step of 2-4 s provides high intrinsic variability, enabling detailed studies of the temporal variability of highlatitudes although typically the auroral and electric potential patterns are only updated every minute.
Variations of Model Spatial Resolution
[13] In order to test the effects of increasing spatial resolution, GITM is run at the following longitude Â latitude resolutions: (I) 5°Â 5°; (II) 5°Â 2.5°; (III) 2.5°Â 2.5°; (IV) 2.5°Â 1.25°; (V) 2.5°Â 0.625°; (VI) 2.5°Â 0.3125°as summarized in Table 1 , where the lowest resolution run (I) has a longitude-latitude scale of 275 km Â 550 km (at 60°N/S) and the highest resolution run corresponds to 137.5 km Â 35 km. In these simulations, GITM is run for 2 days from 20 to 22 December 0000 UT, outputting every two hours. The instantaneous results (or model snapshots) are presented at the end of the 2-day period (i.e., 22 December 0000 UT). For the varying spatial resolution runs, in order to eliminate any variability of magnetospheric and solar origin, we keep the geomagnetic and solar activity at constant values: F 10.7 = 150 Â 10 À22 W m À2 Hz À1 and HP = 1 GW. The IMF (interplanetary magnetic field) parameters are B z = À2 nT and B y = 0 nT. Solar wind speed is 400 km s
À1
. The chosen configuration of simulations can thus reveal the degree of the importance of spatial resolution to better capturing the vertical wind structures.
Variations of Magnetospheric Energy Input
[14] For a fixed spatial resolution of 2.5°Â 2.5°(III) that corresponds to a spatial scale of 137.5 km Â 275 km (at 60°N/S), GITM is used to investigate the response of vertical winds to variable ion flows imposed by variable highlatitude energy inputs. In order to generate the baseline quiet conditions referred to as III 0 , GITM is first run with the solar and geomagnetic activity described in section 3.1 from 22 December 0000 to 0800 UT, outputting every five minutes. Then, run III 0 is repeated with HP = 30 GW (III 30GW ). In the rest of the runs to be described, the hemispheric power is kept at 30 GW and is thus skipped in the discussion for simplicity. For the next run, B z is intensified to À6 nT and held constant (III À6 ). The final two runs impose an oscillating step function with a 15-minute period (III À6 step ) and a sinusoidal 15-minute variation (III À6 sin ) on B z , both with AE3 nT amplitudes in the 8-hour modeled time period. Figure 2 visualizes the variations of B z , where the different runs are denoted by the different line styles. As the initial conditions are constant in all runs before 22 December 0000 UT only the period thereafter is shown, illustrated by different line styles. It is noteworthy that both the step-like and sinusoidal variations have similar structures overall, with the same frequency and amplitude of variations.
[15] While these types of variations of the IMF exist (although not as ideal as described here), typically the largescale ionospheric potential cannot respond to such high frequency variations such as these. Note that (I) corresponds to a spatial horizontal scale of around 275 km Â 550 km (at 60°N/S), while the highest resolution (VI) corresponds to 137.5 km Â 35 km.
[16] Other studies have shown that the localized ion flow is quite variable, changing very quickly in both space [Kivanç and Heelis, 1998 ] and time [Bristow, 2008] . The variations that are imposed in our simulations are intended to illustrate static ion flows (III 0 , III 30GW , III À6 ), relatively quickly varying ion flows (III À6 sin ), and rapidly varying ion flows (III À6 step ). They are not meant to represent rapidly varying IMF conditions, but merely changing ion flow conditions that may be obscured in the auroral oval or during events such as substorms. Empirical models of the ion flows typically do not include dynamically changing flows for static IMF conditions, which is why the IMF is modulated.
Averaging Processes
[17] For the runs of increasing spatial resolution, the highlatitude area-weighted mean of a parameter X, 〈X〉, has been evaluated poleward of 50°N/S geographic latitudes and is a 24-hour mean (i.e., 21-22 December), based on 2-hour outputs. In the varying magnetospheric condition runs, the associated averaging has been performed over outputs of 15 min from 22 December 0000 to 0800 UT. All UT plots are based on a 5-minute output data set between 0000 and 0800 UT on 22 December.
Effects of Increasing Model Spatial Resolution

Global Mean High-Latitude Parameters
[18] In order to assess the impact of increasing model spatial resolution, the high-latitude means of some fundamental thermospheric parameters are evaluated. resulting from Joule dissipation and particle heating, respectively. The change in Joule heating rate with resolution is discussed in substantial detail by Yiğit and Ridley [2011] .
[19] The high-latitude mean neutral winds increase at all altitudes with increasing spatial resolution. Longitudinal resolution does not appear to have a large impact on the high-latitude mean of these variables while the latitudinal resolution plays a crucial role in the mean magnitudes. Peak magnitudes are found in the upper thermosphere. For example, vertical mean wind is up to $2 m s À1 at around 400 km. Horizontal winds play an important role in shaping vertical motion in the atmosphere through their divergences [Biondi, 1984; Smith, 1998 ].
[20] Using GITM, Yiğit and Ridley [2011] have studied the variations of high-latitude Joule heating and auroral heating with increasing spatial resolution and the resulting effects on the ionosphere and thermosphere. Yiğit and Ridley [2011, Figure 7 ] present the Joule heating as a function of inverse latitudinal resolution at three representative altitudes, Q J demonstrated an increase of >50% from the low to the high resolution case at around 500 km. A similar analysis in the current study shows that vertical winds demonstrate a peak increase of $15% in the lower thermosphere between the low and the high resolution, while the associated relative increase in the upper thermosphere is $8%. Also, the auroral heating increases $25% in the upper thermosphere (not shown).
High-Latitude Distributions of Vertical Winds
[21] Previous studies have suggested that high-latitude heat sources are possible mechanisms for the generation of strong upwelling events that can occur under disturbed geomagnetic conditions [Rees et al., 1984; Price et al., 1995] . In GITM, simulations with varying spatial resolution and quiet amplitudes are challenging aspects of determining vertical winds unambiguously [Conde and Dyson, 1995] . Thus, models that enable very high latitudinal resolution are crucial to investigate the spatial details of the high-latitudes. For this, the high-latitude distribution of the Joule and auroral heat sources and the associated vertical winds at $370 km are plotted for the Northern Hemisphere (NH) in Figure 4 . With increasing spatial resolution the Joule heating and vertical winds increase in magnitude. Large vertical winds are typically seen around noon time (12 h) at lower latitudes at all resolutions primarily as a consequence of solar illumination, but the lower resolution runs cannot capture the enhanced (Figures 4a and 4b ) and 2.5°Â 0.3125° (Figures 4c and 4d) . Note that for reasons of visual simplicity, Joule heating has been scaled with 10 À2 K s À1 .
vertical winds of up to 4 m s À1 that are simulated at the highest resolution near dusk at 60°latitude (Figure 4c ). At the highest resolution these winds are as large as those seen at noon at low latitudes in the low resolution. This phenomenon is closely correlated to better resolved peak Joule heating at around 60°N situated in the noon-to-dusk sector (Figure 4d ). Increasing the resolution (5°Â 5°→ 2.5°Â 0.3125°) intensifies this localized Joule heating more than a factor of three, i.e., 3.5 → 12 Â 10 À2 K s
À1
. This localized peak Joule heating is about 10 times larger than the heating rate that is typically associated with the solar UV in the thermosphere at this altitude and solar conditions.
[22] Figure 5 presents the associated results for the Southern Hemisphere, which is the summer hemisphere, in the same manner as Figure 4 . Localized enhanced vertical winds are present at lower latitudes in the dawn sector and at higher latitudes around the dusk sector in the highest resolution (Figure 5c ) that are only partially captured at the lower resolutions. In fact, the wave-like vertical wind structures manifested by vertical wind variations of AE20 m/s that are simulated around 80°S in the midnight to dusk sector are entirely absent in the 5°Â 5°resolution. Discussion of the characteristics of these internal waves are beyond the scope of this paper.
Response of the Polar Ionosphere to Ion Flow Variability
[23] The following sections describe in detail the magnitude and temporal variability of the high-latitude neutral vertical winds under varying conditions of ion flows.
Global High-Latitude Mean Fields
[24] Figure 6 presents the high-latitude mean thermosphere parameters in a similar manner as in Figure 3 but for the period of 22 December 0000-0800 UT and for varying conditions of magnetospheric energy inputs as described in section 3.2 and illustrated in Figure 1 . The different lines represent the different magnetospheric conditions described by IMF and HP variations. Note that the most quiescent condition (III 0 ), where B z is kept constant at À2 nT, is denoted by black dotted lines. Increasing HP from 1 to 30 GW is seen to have a great impact on the auroral heating, increasing the mean magnitude from 1 to 6 Â 10 À3 K s À1 in the upper thermosphere (not shown), but a relatively small increase is seen in the peak Joule heating 9.5 → 11 Â 10 À3 K ). Intensifying B z has varying degrees of impact on the thermosphere parameters. A significant horizontal wind intensification is seen if |B z | is increased, with the upper atmospheric mean meridional winds demonstrating the largest increase. The vertical winds are affected remarkably, showing enhancements by the increased magnitude of the IMF and peaking at around 550 km with 6 m s À1 in the step-like ion flow variations.
High-Latitude Distribution of Vertical Winds in the Northern Hemisphere
[25] Figure 7 presents the polar stereographic distribution of NH vertical winds, Joule and auroral heating at $370 km on 22 December at 0705 UT, plotted in an analogous manner as in Figure 4 , but for varying conditions of magnetospheric inputs. This configuration gives an overview of how the distributions of w n , Q J , and Q A vary with varying intensities of ion flows. Increasing HP from 1 GW to 30 GW (not shown) enhances the auroral heating by at least an order of magnitude, generating a spatially larger auroral oval, extending to lower latitudes and it is independent of ion flow variations. The main features of Figure 7 can be summarized as the following: (1) The B z magnitude increase causes the Joule heating and vertical winds to increase; (2) Adding variability to ion flows causes both the Joule heating and vertical winds to increase dramatically; and (3) Vertical wind perturbations are observed to be appreciably larger in the step function run (III À6 step ) than in the sinusoidal variation run (III À6 sin ) although at this presented UT the instantaneous value of the cross polar cap potential (CPCP) in both runs are very similar (5% difference). For example, in the midnight to dawn sector the peak vertical winds are nearly a factor of 2 larger in the step function run than in the the sinusoidal case: $8 versus $16 m s À1 . Result 3 highlights an interesting feature of how the thermosphere-ionosphere system responds to varying ion flows. Close investigation of the vertical wind distribution along with the Joule heating suggests that sudden step-like variations in ion flows can lead to larger vertical winds than in the case of a sinusoidal variation, while similar Joule heating is produced. At this specific UT, the ion flows are similar to each other, but much larger vertical winds are produced in the case of the step function. In the following section, we investigate the details of the vertical wind enhancement seen in III À6 step and possible mechanisms for it.
Temporal Variability of the High-Latitude Vertical Winds
[26] Temporal variations of some thermospheric parameters between 0100 and 0800 UT on 22 December at $370 km for a representative location in the Northern Hemisphere high-latitudes (61.25°N, 37.25°W) are shown in Figure 8 . The different line colors represents the different B z runs with constant HP of 30 GW, but with varying IMF conditions, i.e., III 30GW , III À6 , III À6 sin , and III À6 step . The overall large-scale changes that are observed at this location are due to the rotation of the Earth through the sun-fixed ion flow patterns. Note that in the bottom row of Figure 7l , the green solid line at 61.25°N shows approximately how the longitude 37.25°W passes through the vertical wind, Joule heating, and auroral oval pattern as the Earth rotates through the seven hours shown (assuming that the patterns are roughly static). Overall, large rapid variations are seen in the horizontal motion of both ions and neutrals with increasing magnitude and degree of temporal variability of IMF B z . Conversely, there is little variability observed in the electron density, which is a key element in controlling the Joule heating. After around 0400 UT time variations of the magnitude of all the three ion speeds u i , v i , and w i , as well as Joule heating, and neutral vertical velocity increase rapidly. It is noteworthy that III À6 sin and III À6 step lead to similar variations in all parameters, except in w n . The factor of two difference in the peak of w n between III À6 sin and III À6 step at 0705 UT seen in Figure 7 appears to be a persistent feature extending over several UTs. The large variability seen in Joule heating in the different simulations must be controlled to a large extent by the imposed changes in ion flows in the different runs.
[27] In order to determine the possible relationship between the large vertical winds seen in III À6 step and the horizonal flow, the temporal variability of the polar ionosphere is investigated. For this, the associated standard deviations ( s) of the ion and neutral flows are studied from 0400 to 0600 UT, based on the 5-min model outputs, for each model spatial grid point.
[28] Figure 9 shows the Northern Hemisphere polar stereographic distribution of mean horizontal ion flow vectors and its standard deviation s u iH (Figures 9a-9c ) and the mean horizontal neutral flow vectors and the standard deviation of neutral vertical winds s w n (Figures 9d-9f ) at $370 km. All units are in m s À1 and plots are poleward of 60°N. Ions flows are much faster than the neutrals due primarily to highlatitude momentum deposition. Regions of enhanced mean horizontal ion flow show large mean standard deviations, demonstrating a significant increase from III À6 to III À6 step with peak s of more than 300 m s À1 in the latter case. Comparable relatively large convection velocities were observed at highlatitudes by Bristow [2008] . The structure of the standard deviations though remains very similar. The mean neutral flow is much slower than the ion flow. However, it is striking that the vertical wind variability expressed by its standard deviations s w n , increases in the same manner as in the case of the standard deviations of the ion flows from III À6 to III À6 step , that is, with more rapidly varying B z conditions (from left to right). For example, in the III À6 step run in the region east of Greenland and west of Iceland, s w n exceeds 6.5 m s À1 , increasing nearly by a factor of two with respect to III À6 sin in the same region. Comparison of s u iH with s w n indicates a distinct correlation between the variability of the ion flow and the vertical neutral motion.
[29] Figure 10 presents the associated results for the Southern Hemisphere poleward of 60°S. Similar to the case of the Northern Hemisphere, horizontal ion flows and their standard deviations and as well as the vertical wind variability are enhanced and demonstrates appreciable structural correlation in their distributions. Again, s w n peaks in run III À6 step with much larger values than Northern Hemisphere: >30 m s À1 versus >6.5 m s À1 , primarily owing to differences in the solar irradiation and Joule heating between the different hemispheres.
[30] Additionally, comparison of the results for s w n in both hemispheres suggests that the relative increase/variation in Figure 7 . Northern Hemisphere (NH) high-latitude (poleward of $53.5°N) distribution of (a, d, g, j) vertical wind, (b, e, h, k) Joule heating, and (c, f, i, l) auroral heating at $375 km on 22 December 0705 UT. Shown are runs of varying magnetospheric conditions: III 30GW (Figures 7a-7c ), III À6 (Figures 7d-7f) , III À6
sin (Figures 7g-7i) , and III À6 step (Figures 7j-7l) . See the text for further details. 
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13 of 21 s w n between the different runs are much larger (percentagewise) in the Northern than in the Southern Hemisphere, demonstrating an asymmetry in the way the different hemispheres respond to temporal variations of the ion flows.
[31] Figure 11 shows how the vertical wind variability ( s w n ) presented in Figure 9 varies as a function of ion flow variability ( s u iH ) in the Northern Hemisphere high-latitudes during the studied time interval (0400-0600 UT) for the cases of static, fast, and sudden ion flow changes. An increasing linear slope is seen between s w n and s u iH as the characteristics of the perturbations become sharper. In the Southern summer high-latitudes (shown in Figure 12 ), where radiative processes play an important role besides plasma dynamics, variability of ion flows plays a similar significant role in producing large s w n . In this case, though, the slope does not appear to change as dramatically as in the winter hemisphere. More variability in the ion flows leads to more variability in the vertical winds, but the slope of that relationship may be solar illumination dependent and depends thus on the characteristics of the change perhaps.
[32] Relatively large s w n values in Figure 12 that coincide with s u iH of $40 m s À1 are suggestive of possible small-scale wave processes that are capable of perturbing the vertical wind fields. These occur poleward of 80°S and maybe physical or numerical, since they are so close to the pole. It is unclear at this time what is causing this extremely high latitude structure.
[33] Altitude profiles of the standard deviations of neutral vertical winds and the ion horizontal flow at 65°S and 60°E illustrate to what extent, in terms of vertical depth, the ion flow shapes the vertical wind variability (Figure 13 sin and III À6 step have similar s w n in the lower thermosphere at $150 km, their magnitudes are nearly a factor of 2 larger than the constant magnetosphere simulation (III À6 ): 2 versus 4 m s À1 . Also, s u iH increases dramatically with varying conditions of ion flows, but the profiles remain relatively constant with altitude. These results support the finding that overall the imposed ion flow variabilities greatly impact the vertical wind variability in the upper thermosphere, while nonnegligible impact is still seen in the lower thermosphere down to 150 km.
[34] Finally, Figure 14 presents the vertical variation of w n from 0400-0600 UT at 65°S and 60°E for static (Figure 14a) , fast (sinusoidal, Figure 14b ), and suddenly changing (step, Figure 14c ) ion flows. Vertical neutral winds are upwards everywhere in the static ion flow simulation with increasing magnitude from the lower to the upper thermosphere and peaking at around 550 km with >16 m s À1 . This agrees with Figure 7 , which shows a large region of strong upward flow in the auroral oval region. In the fast varying ion flows, vertical winds alternate the direction about every 15 min in accordance with the imposed ion flow changes. Peak upward and downward winds are >40 m s À1 and <À8 m s
À1
. In the step-like ion flow variations (Figure 14c ), the w n variations reach AE40 m s À1 in the upper thermosphere with a distinct Figure 11 . Scatterplots of s w n versus s u iH for the Northern Hemisphere high-latitudes presented in Figure 9 : (a) III À6 , (b) III À6 sin , and (c) III À6 step .
tilted phase front suggestive of vertically propagating internal waves. It is evident from the presented suit of model simulations that ion flow variations are potentially capable of impacting magnitude, direction, and temporal variability of neutral vertical winds in the thermosphere.
Investigation of Mechanisms Controlling Vertical Winds
[35] The modeling results so far demonstrate a remarkable relationship between the plasma flow variability and the neutral thermospheric vertical winds. In order to gain further insight into the possible mechanisms of how plasma flows Figure 13 . Vertical profiles of the temporal variability ( s) of (a) vertical neutral winds and (b) horizontal ion flow in the Southern Hemisphere at 65°S and 60°E. Black, red, and blue curves represent III À6 , III À6 sin , and III À6 step , respectively. can impact the vertical winds, first the vertical acceleration is examined from 0400 to 0500 UT in a representative winter Northern Hemisphere high-latitude (68.75°N, 180°longi-tude) at $400 km. Figure 15 presents the UT variations of vertical acceleration (a ≡ ∂w n /∂t) (Figure 15a ), vertical wind (w n ) (Figure 15b ), temperature (Figure 15c ), Joule heating (Figure 15d) , and divergence of the horizontal neutral winds, r ⋅ u n H (Figure 15e ). In Figure 15a , the subscripts "nhyd", "sph", "in", "nn", and "cor" denote the vertical acceleration in m s À2 due to nonhydrostatic effects (that is, imbalance between thermal expansion and the gravitational force), spherical geometry (sphericity), vertical ion drag, neutral friction, and coriolis plus centrifugal effects. Accordingly, equation (2) can be expanded further in spherical coordinates as [Ridley et al. 2006, Equation 14 ]
where q is latitude, k b is the Boltzmann constant, n s and m s are the number density and molecular mass of a species s, respectively.
[36] In our calculations, the nonhydrostatic acceleration is given by superposing the upward directed pressure force on the downward directed gravitational acceleration. So, effectively, positive w t,nhyd will drive upward vertical winds, while negative w t,nhyd will drive downward vertical winds, depending on the contributions from other possible physical mechanisms.
[37] In Figure 15a , it is seen that the nonhydrostatic acceleration varies dramatically with variable plasma flows, peaking in the case of rapidly varying plasma flows. The accelerations due to other sources (vertical ion drag, etc.) appear to be unaffected by plasma flow variations. The resulting neutral vertical winds are shown in Figure 15b . Temporal variations of the vertical winds resemble closely the static (const), sinusoidally varying (sin), and step-like varying (step) plasma flows. The highest vertical wind magnitudes and variability are seen in the simulation with the sudden plasma flow variations (III À6 step ). The associated extrema in w n follow closely the nonhydrostatic acceleration, which implies that with increasing intensity of plasma flow variations, nonhydrostasy becomes the dominant physical mechanism that controls the magnitude and variation of neutral vertical winds.
[38] The next step is the question of what can cause enhanced nonhydrostasy. For this, neutral temperature, neutral gas heating by frictional heating (Joule heating), and horizontal neutral wind divergence are investigated for the same period of universal time (Figures 15c-15e) . Overall, the temperature variations demonstrate some degree of similarity to w n . The rapid plasma flow variation case shows the largest temperature variations and detailed investigation suggests that temperature extrema are typically preceding the w n extrema. Joule heating is seen to resemble exactly the behavior of plasma flow variations with 15-minute variations in slowly and rapidly varying plasma flow simulations. The static case has relatively constant Joule heating within the shown 60 min. Examining Joule heating along with the temperature and vertical winds highlights an interesting phenomenon of thermosphere-ionosphere coupling. Plasma flows can enhance Joule heating due to larger differential motion between the ions and neutrals [e.g., Yiğit and Ridley 2011, equation 2] . This heats up the atmosphere and sin , and (c) III À6 step . Figure 15 . Universal time variations of (a) vertical acceleration (a ≡ ∂w n /∂t), (b) vertical winds (w n ), (c) temperature, (d) Joule heating, and (e) divergence of the horizontal neutral winds for a representative high-latitude location (68.75°N and 180°longitude) in the winter Northern Hemisphere for the static (III À6 , black), slowly varying (III À6 sin , blue), and rapidly varying plasma flow (III À6 step , yellow) simulations on 22 December between 0400 and 0500 UT.
generates localized upward vertical winds (upwelling) and results in enhanced horizontal divergent flow [Smith, 1998 ]. In turn, upwelling can adiabatically cool the atmosphere producing the local temperature minima seen after temperature maxima in the step-like variation simulation. Local horizontal divergence demonstrates a remarkable correlation with the Joule heating, showing maximum increase in divergence when Joule heating is enhanced by rapidly varying ion flows (III À6 step ), although this is quite smooth, unlike the vertical winds.
[39] Gravitational acceleration is not affected by plasma flow variations, thus the only way an enhanced imbalance between the pressure force and gravity can occur is via variations in the pressure gradient. This can occur via changes in the vertical gradient of temperature, T r ≡ ∂T/∂r, and/or in the vertical gradient of number density, n r ≡ ∂n/∂r (see Appendix A). Changes in horizontal divergence can affect both quantities, T r via the thermodynamic energy equation and n r via continuity. In GITM, the continuity equation for a species n s
is expressed in spherical polar coordinates as horizontal and vertical continuity equations [Ridley et al., 2006, equations 12 and 18] . Variations of horizontal divergence between the three simulations can lead to different vertical gradients of T and n. This effect is additionally enhanced by vertically varying Joule heating, which can have different vertical profiles in the different simulations as can be seen in Figure 6 , indicating that static, slowly varying, and rapidly varying plasma flows will certainly impact Joule heating differently at different altitudes, generating variations in horizontal divergence and thus in T r and n r between the different simulations and hence different degrees of nonhydrostasy.
[40] From the analysis shown in Figure 15 , it appears that the differential heating as a function of altitude when the Joule heating is changed suddenly causes an imbalance in the hydrostatic conditions, leading to strong vertical flows. While the divergence of the horizontal winds does have an effect on the vertical winds, it is a slow process that is unable to respond to the more rapid variations in the heating.
Discussion and Conclusions
[41] Using the University of Michigan Global Ionosphere Thermosphere Model (GITM), the impact of model temporal and spatial variability on the magnitude and distribution of the high-latitude vertical winds have been investigated. First a set of six simulations of increasing spatial resolution from 5°Â 5°to 2.5°Â 0.3125°have been performed at low geomagnetic and moderate solar activity. To investigate the impact of temporal variability, magnetospheric input has been modulated in a number of systematic simulations, using various forms of UT variations of the vertical component of the interplanetary magnetic field (IMF), B z , such as constant, sinusoidal, and step function cases. These configurations are designed to mimic conditions of static, fast, and sudden changes in ion flows. The main results can be summarized as the following: (1) Vertical winds enhance dramatically at increasing spatial resolution along with increasing Joule heating primarily as a consequence of better resolving electric fields and larger relative ion-neutral flows; (2) Temporal variation and the magnitude of ion flows have a great impact on the vertical wind magnitude and temporal variability. Static ion flows lead to relatively small vertical winds with smaller variability. Sudden changes in ion flows produce much larger vertical winds with larger s w n than fast changing ion flows.
[42] The thermospheric Joule or frictional heating is caused by a difference between the ion and neutral flow velocities in the presence of both ions and neutrals [St.-Maurice and Schunk, 1981; Heelis and Coley, 1988; Vasyliūnas and Song, 2005; Yiğit and Ridley, 2011] . The main contributions to Joule heating rate are then, the ion and neutral densities and flow velocities. Neutral winds play a significant role in shaping the variability of Joule heating [Thayer, 1998] . As pointed out in previous studies, there is also significant variability in the ion flow velocities that can appreciably enhance the Joule heating rate in the thermosphere. This is primarily caused because the forces that alter the ion flows are extremely strong compared to the forces that alter the neutral flows, while the total mass of the ions is quite small compared to the total mass of the neutrals. Therefore, the ion flows can change quite quickly over very short time periods, while the neutrals cannot. Indeed, studies have shown that the entire high-latitude ion flow patterns can change over a time-span of 10-15 min [Ridley et al., 1998 ], while other studies have shown that the thermosphere takes approximately 3 hours to change .
[43] "Variability" of the ion flow has been discussed in different contexts by a number of authors. In one of the first studies of ionospheric flow variability by Codrescu et al. [2000] , the ion flow variations within spatial and activity level bins were examined. This study, and similar studies, have argued that the variation within the bins can be interpreted as "variability". This may indeed be the case, but it may, in fact, not be the whole story. For example, the Codrescu study binned activity level by K p , which is a 3-hour general indicator of activity level. If one were to examine a K p bin of, for example, 3 near the dayside cusp region, there could be a wide variety of flows observed. This is not necessarily because the flows are highly variable, but because a K p of 3 may include time periods in which there are strong B y positive driven convection, B y negative driven convection and B y zero driven convection that vary significantly in terms of convection cell symmetry [e.g., Weimer, 1995] . This means that in a K p 3 bin, the ion flows may be eastward, westward, or poleward. Hence, in such a bin, there will be a significant standard deviation. So, in some regards, the term "variability" in this case implies "uncertainty". An uncertainty in the ion flow velocity, while somewhat troubling, does not intrinsically lead to a larger Joule heating.
[44] Other models that take into account more parameters that control the ion flow, such as the Weimer [1996 Weimer [ , 2001 Weimer [ , 2005 models and other models that bin by IMF drive down the uncertainty due to the fact that they constrain the problem more, although these models do not necessarily drive down the uncertainty to zero. A study by Bekerat et al. [2003] , showed that the model by Weimer [1996] only matches the ion flow approximately 5% of the time. Hence, there is still significant uncertainty. Utilizing a data assimilation approach to the problem, Kihn and Ridley [2005] and Bekerat et al. [2005] showed that this uncertainty could be significantly reduced to approximately 30%.
[45] In addition to uncertainty, there is also the problem that the large-scale ionospheric convection pattern has sharp gradients. For example, when the IMF B y is strong compared to B z , there exists "banana" and "orange" cells. In the "banana" cell, there are very strong sheers in the flow. Clauer and Ridley [1995] and Ridley and Clauer [1996] showed that the convection reversal boundary in the "banana" cell can exist for long periods of time and can be extremely sharp. Models such as the Weimer [1996] model and the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) technique [Richmond and Kamide, 1988] , have resolutions that are larger than one degree, and so cannot hope to capture these sheers that may not have variability at all, but may just be small-scale. So, an additional aspect of the problem comes in the form of resolutionmodels are not able to capture the sharp, persistent, gradients that may exist in the ion flows. Just like uncertainty, this may not cause additional Joule heating to occur in the real world, but in models, the lack of sufficient resolution to properly capture standing gradients causes the Joule heating to be underestimated, as illustrated in the studies by Deng and Ridley [2007] and Yiğit and Ridley [2011] .
[46] An additional aspect of ion flows is actual temporal variability. The study by Ridley and Clauer [1996] not only showed that strong sheers in the ion flow can exist in the convection reversal boundary, but that this boundary can become Kelvin Helmholtz unstable, such that the ion flows around the boundary vary dramatically on time-scales of tens of seconds. Bristow [2008] showed that the ion flows also vary rapidly over time-scales less than 10 min. Further, within the auroral zone, the ion flows and electron particle precipitation vary wildly in both time and space, especially when the activity level increases.
[47] Thermospheric and ionospheric models need to account for all of these things -both spatial and temporal variability across multiple scales. This is almost impossible to do, since models have limitations (e.g., resolution) in both the spatial and temporal domain.
[48] This study examines two aspects of this problemspatial resolution, or resolving the standing ion flow patterns with higher resolution; and temporal variability, or examining what happens when the ion flows change rapidly. Specifically, this investigates the ramification of these two issues on the strength of the vertical wind speed in the thermosphere. In this study, it is shown that the vertical wind is extremely sensitive to both model resolution and temporal variability in the ion flows. The first part of the study shows that model resolution, or simply better capturing the peaks in the ion flow velocities, can increase the vertical winds in the thermosphere dramatically. This vertical wind is persistent, lasting for many hours, and is due to both the model's ability to capture the ion flows, enhancing the Joule heating, and the model's ability to better create strong convergences and divergences in the horizontal wind structure.
[49] The temporal variability of the ion flows, here modeled by rapidly changing the ionospheric cross polar cap potential, also significantly enhances the vertical winds. This enhancement occurs for two reasons: first, the difference between the relatively inert thermospheric winds and rapidly changing ion flows cause periods of enhanced Joule heating. Because the Joule heating is proportional to the square of the difference [St.-Maurice and Schunk, 1981] , this is a nonlinear process [Kirchengast, 1997; Yiğit and Ridley, 2011] , such that enhancing the difference has a much larger effect than diminishing the difference. So, when the ion flows are increased and decreased, the increase enhances the Joule heating more than the decrease reduces the Joule heating, such that the average is higher. The second reason is that when the Joule heating impulsively turns on, an acoustic wave is launched [Deng et al., 2008] , increasing the upward directed vertical winds. When the Joule heating turns off, an additional wave is launched, reversing the sign of the vertical wind. It is speculated that the more impulsive this energy source, the stronger the waves will be. This is demonstrated in the difference between the sin and square wave simulations -the square wave produced larger vertical winds that had significantly more variability. In the cases presented here, the electron density does not vary significantly between the model simulations with different ion flow variability due to our holding the solar extreme ultraviolet radiation and auroral activity constant. Thus, changes in electron density cannot contribute significantly to the variations in Joule heating seen in the different simulations.
[50] The investigation of the vertical acceleration demonstrates that plasma flow-induced high-latitude Joule heating can generate significant nonhydrostatic effects. This is due to strong localized heating causing an imbalance between the pressure gradient and gravity, which subsequently have a crucial impact on the magnitude and variability of the thermospheric vertical winds.
[51] The simulations that were conducted in this study are more for illustrative purposes than what would actually occur in the actual ionosphere and thermosphere. For example, as stated above, the global ionospheric convection pattern changes on time-scales of 10-15 min. With the square wave driver, the global convection changes in one minute, suddenly enhancing the Joule heating. While the global-scale ion flow should not change this dramatically in one minute, there are regions of the ionosphere in which the convection does change this rapidly, for example, near the convection reversal boundary [Ridley and Clauer, 1996] , near the cusp [Lanzerotti et al., 1991] , and in the auroral zone on the night side. In these regions, the ion flows may vary dramatically in both space and time and so one would expect that there may exist significant, and highly variable, vertical winds, which is what is observed in reality [Ishii et al., 2001; Innis and Conde, 2002] . In essence, what is needed are models of the ion flow velocity variability, not simply the uncertainty. If an understanding of how rapidly the ion flows change and where those changes maximize is achieved, we will better be able to describe the vertical motion of the thermosphere.
where p is pressure, r is the radial distance measured from the center of the Earth, r is mass density, and g is gravitational acceleration. Pressure is given by the ideal gas law:
where n is number density, and T is temperature, and k b is Boltzmann constant. The hydrostatic balance equation can then be expressed in terms of n and T in the altitude coordinate system and using the relation r = nm, where r is mass density and m molecular mass, one obtains 1 nm
If (A3) does not hold, it implies that the system is nonhydrostatic. In the Global Ionosphere Thermosphere Model (GITM), the vertical momentum equation is explicitly solved, for example, by accounting for neutral-neutral and ion-neutral momentum exchange, Coriolis and centrifugal effects, spherical geometry. Horizontal divergence can impact the ∂n/∂r and ∂T/∂r via continuity and thermodynamic energy relations, and can thus modify the extent of nonhydrostatic effects.
